OBJECTIVE: To investigate physiological differences between habitual high-fat (HF) and low-fat (LF) consumers, which could in¯uence the balance between energy expenditure and energy intake, and the potential for weight gain. SUBJECTS: 16 young, lean males (eight HF and eight LF consumers; % energy from fat 44.3 and 32.0, respectively). MEASUREMENTS: Habitual dietary variables (from FFQ), body mass index (BMI), body fat % (measured by impedance), resting metabolic rate (RMR) (indirect calorimetry), substrate oxidation and basal heart rate, postprandial thermogenesis and heart rate in response to a high-fat (low carbohydrate (CHO)) and high-CHO (low fat) challenge. RESULTS: HF and LF (selected for their intake of fat) did not differ signi®cantly in BMI or % body fat. HF had a signi®cantly higher RMR (1624 vs 1455 kcalad) and basal heart rate (66 vs 57 bpm) than LF. Differences in oxygen utilisation and heart rate were maintained over a 180 min period, following the high-fat and high-CHO challenge meals. HF had a signi®cantly lower resting respiratory quotient (RQ) than LF and the differences in average RQ were signi®cant over the 180 min examination period. HF had a signi®cantly lower RQ response to the high fat (low CHO) than to the high CHO (low fat) challenge; this effect was not observed in LF. HF had higher total energy intake than LF and a higher absolute (but not %) intake of protein. CONCLUSION: Signi®cant differences in basal energy expenditure and fat oxidation between habitual HF and LF consumers have been observed. The contributions of energy intake and protein intake (g not %) remain to be determined. In this particular group of subjects (young adult males) a high energy intake characterised by a large fat component is associated with metabolic adaptations which could offset the weight inducing properties of a high-fat diet. These physiological differences may be important when considering the relationship between dietary-fat and obesity.
Introduction
There is a considerable body of evidence indicating that high-fat diets promote the development of obesity. 1 Short and medium term appetite studies indicate that exposure to high-fat foods (low respiratory quotient, RQ) stimulates overconsumption of energy compared with high carbohydrate (CHO) foods (high RQ). 2 ± 4 This consumption takes place in spite of the existence of fat induced satiety signals 5 and appears to be due to the contribution of high-fat foods to the energy density of the diet. 6 There is a strong relationship between the fat content and energy density of foods. 7 The increased energy intake which occurs on high fat diets, appears to be re¯ected in body weight gain and obesity. Epidemiological studies indicate a correlation between population fat intake and obesity. 8 Cross sectional studies within populations generally show a positive relationship between percent energy consumed as fat (energy-adjusted fat intake) and measures of obesity. 9 However, in a review of a series of epidemiological studies, it can be observed that the correlation coef®cient between body mass index (BMI) and dietary (when expressed as % energy) fat range from 0.08±0.21 and 70.18±0.26 (when expressed as fat (g)). Obviously, cause±effect relationships cannot be inferred from correlations based on cross-sectional studies, but the variability in the relationship between diets and obesity indices indicates that the development of obesity is not a biological inevitability of exposure to a high-fat diet. 10 Moreover it is clear from comparisons between habitual high, medium and low fat consumers (assessed according to the amount of g and % fat of the diet) that although obesity is observed more frequently among high-fat consumers, obesity is not exclusive to such consumers. 11 Indeed, many high fat consumers identi®ed in one national database, 12 display normal or even low BMIs.
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The existence of many low to normal weight individuals (allowing for age-related changes in BMI) among those eating a high-fat diet, suggests the possibility that high fat consumers may be protected to an extent from the potential weight-inducing properties of a high fat intake. 13 This protection could of course be physiological (for example, altered metabolic rate or fat oxidation) or behavioural (increased physical activity). Such protection seems likely since we have noticed a discrepancy between the potential of fat to induce a large positive energy balance in challenge experiments 14, 15 and the actual relationship between dietary fat and body weight inferred from surveys.
For this reason we have undertaken investigations of certain physiological characteristics of habitual high-and low-fat consumers. This part of the study involved measurement of physiological indices of energy expenditure ± namely resting metabolic rate (RMR), post-prandial thermogenesis and nutrient oxidation (in response to fat and CHO challenges). Any differences arising could of course be due to preexisting biological dispositions or to an adaptation resulting from long-term exposure of the body to large quantities of consumed fat. Whatever the mechanism, such differences should be expected since animal studies have indicated distinct changes in oxidative metabolism 16 and speci®c metabolism of fats 17 in rats fed high-fat diets.
The present study has disclosed marked differences between habitual high and low fat consumers in RMR (re¯ected by O 2 utilisation and heart rate) and in postprandial fuel oxidation. These differences suggest metabolic adaptations which modulate energy expenditure and help offset the weight-inducing properties of a highfat diet ± at least in young male subjects.
Methods

Subjects
Eight habitual high-fat consumers (HF) and eight habitual low-fat consumers (LF) were recruited from the staff-student population of Leeds University. HF and LF were de®ned as gaining b 43% or`35% of energy from fat, respectively, on the basis of a food frequency questionnaire, 18 coupled with the requirement to consume 20% more or less fat (g) than the national average. 19 Therefore, a dual criterion was imposed with HF required to show a high absolute intake of fat (g) and a high energy %. All volunteers were in the age range 18±25 y and had a BMI`26 kgam 2 . Each subject was required to read and sign a participant informationaethics form, as required by the university ethics committee, following ethical approval of this study.
Design
The purpose of the study was to assess RMR via O 2 utilisation and heart rate in HF and LF, and to monitor post-prandial thermogenesis and fuel oxidation in response to a high-fat or high-CHO challenge.
The study was a fully repeated measures 2 Â 2 design; both HF and LF participated in two experimental conditions:
These liquid meals were presented in a counterbalanced order.
Test foods
The high-fat or high-CHO challenge comprised of milkshake drinks that were of equal volume and of ®xed energy, but differed in macronutrient composition ( Table 1) . The¯avour of the milkshake (bananaastrawberry, Nesquik) was determined by the preference of the subject.
Procedure
Subjects arrived at the Human Appetite Research Unit, University of Leeds, at around 12.00 h having fasted for 12 h. The height of subjects was measured using a stadiometer, and weight was measured, following voiding, on a digital balance (Salter). Body fat was measured by the impedance procedure (Spacelabs BC-300). After these measurements, the subjects lay supine on a bed in a thermoneutral environment and remained at bed rest throughout the study period. Heart rate was recorded every 15 s throughout the procedure (Polar sports tester PE4000, Finland). Resting O 2 consumption and CO 2 production was measured by using a ventilated-hood indirect calorimetry system (SensorMedics VMax 29); the principal of the ventilated hood system has been described previously. 20 After 30 min of steady baseline measurements, the ventilated hood was removed and one of the two milkshake drinks (Table 1 ) was given. The drink was consumed through a drinking straw and the subject was asked to drink all of the milkshakè 5 min, after which the subject was allowed to void if necessary (in fact only one subject on one occasion required this opportunity). The subject was then returned to the hood and indirect calorimetry was continued for a further 180 min. Subjects were instructed to remain awake, but motionless, throughout the procedure; they were allowed to watch television.
Analysis
RMR (calculated from the Weir equation
21
) and heart rate was taken as the average value of 30 min of steady baseline measures; this was typically after 10±15 min of the subject lying under the ventilated hood. Thereafter (after the milkshake drink), results were averaged over 20 min periods.
Statistical analysis
Data are presented as meansAE s.e.m. Data was compared using Student's unpaired t-test and analysis of variance (ANOVA). All analysis was performed by SPSS for windows program 6.0 (SPSS Inc, USA).
Results
Details of the recruited subjects can be seen in Table  2 . Because of the criteria set for inclusion in the HF and LF groups, 80 subjects were screened to obtain 16 who completed the study. The variables of energy, fat, CHO and protein intakes were derived from FFQ analysis. Independent t-tests were carried out on each variable. RMR, O 2 consumption and resting heart rate were signi®cantly higher in HF than LF.
Resting RQ was signi®cantly lower in HF than LF (Table 3 ). In addition, over the course of both experimental periods, there was a signi®cant difference in energy expenditure (F [1, 30] 4.04, P 0.05) and oxygen consumption (F [1, 30] 7.33, P`0.05) between HF and LF ( Figure 1 , a and b, respectively). ANOVA revealed that the HF heart rate was signi®-cantly higher than LF over the 210 min experimental periods: main effect of group (F [1, 14] 4.53, P 0.05), see Figure 2a . However, when the heart rate for the entire experimental period (180 min) was plotted from the pre-meal baseline, a clear effect of macronutrient was observed (F [1, 14] 4.46, P 0.05); heart rate was signi®cantly further raised after the CHO test drink, than after the high fat drink (Figure 2b) .
Considering the RQ, there was a signi®cant difference in baseline RQ (t(30) 2.36, P`0.05) ( Table 3 ). In addition, over the entire experimental period, there was a marginally signi®cant effect of group (F [1, 14] 4.26, P 0.058) and a signi®cant effect of group when expressed as mean area under the curve (Figure 1c) (F[1,14] 4.53, P 0.05); furthermore, there was a clearly signi®cant effect of nutrient (F [1, 14] 21.42, P`0.000). When the between group effect was examined further, for HF there was a signi®cant difference between the RQs for fat and CHO administration (F [1, 7] 57.8, P`0.000); whereas this effect was weaker and not signi®cant in LF (F [1, 7] 3.58, P`0.10).
Overall there was a signi®cant correlation between RMR and BMI for the whole group (r 0.64, P`0.01). However, the relationship was markedly different for LF (r 0.80, P`0.05) and HF (r 0.19, P 0.65 not statistically signi®cant (NS)).
Discussion
This investigation was designed to disclose whether physiological differences existed between different groups, de®ned according to their habitual intakes of dietary fat. Previous studies had shown differences in the form of appetite control in response to energy and nutrient challenges in HF and LF. 22 The present study has revealed that HF have a signi®cantly higher RMR than LF. The increased RMR was re¯ected in an increased oxygen consumption (measured by indirect calorimetry) and an increased heart rate (measured continually by heart rate monitors). In addition, following meal challenges, physiological measures were continued for 3 h and indicated signi®cant differences in oxygen consumption and heart rate over this period. These data indicate that energy expenditure at rest is signi®cantly different between high fat and low fat consumers.
In these young male subjects, it is noticeable that the groups did not differ in BMI. Consequently, the high fat consumption of the HF group is not re¯ected in any apparent weight gain or shift in BMI. It is therefore tempting to argue that the excess energy intake induced by the high-fat diet is, at least partially, offset by the increased energy expenditure. At the moment, it is not known if these HF subjects show greater physical activity than LF, but from other studies just completed, we suspect that this is not the case. Accordingly, it is appropriate to ask what mechanism might intervene between a high fat intake and a high energy expenditure. One possibility concerns the recently discovered molecule UCP2. It may be important that animal studies have shown that the activity of UCP2 in animals is markedly increased by a high-fat Dietary fat, energy expenditure and substrate utilisation J Cooling and J Blundell diet. 23 It can therefore be hypothesised that such a mechanism, if it existed in humans, would lead to an increased energy expenditure in response to a consistently high fat intake. Alternatively, the increased energy expenditure might involve leptin. It has been reported that there is an increase in ob gene expression related to energy intake. 24 More importantly, animal studies have suggested a link between fat consumption and leptin via peripheral peroxisomal activity regulators (PPAR-g). 25 The possibility that leptin may be involved in the high energy intake of HF is supported by a recent study on different groups of HF and LF subjects. HF had signi®cantly higher plasma leptin concentration than LF and there was a signi®cant correlation between plasma leptin and % fat intake, but no correlation with total energy or protein intake. 26 However, at this stage it is necessary to be cautious in the interpretation, since although the major difference between HF and LF concerns their fat consumption (large differences in absolute and fat % energy), the two groups also differed in total energy intake and in the amount of protein consumed (though not in % protein intake). It is therefore possible that the measured increase in energy expenditure re¯ects the greater overall energy intake or turnover of protein.
Such an explanation would also be interesting as it would again demonstrate a metabolic adaptation (with a tendency to stabilise body weight) in response to a behavioural trait associated with a high energy intake. As a contribution to the understanding of energy balance, the distinction is important, as it is necessary to discover the effect of the differences in energy and protein turnover on measured variables in high fat consumers. In practice, however, it may be of less signi®cance, since the selection of high fat foods leading to a high fat intake will itself create a strong Figure 2 Resting heart rate (2a) and heart rate changes from baseline (2b) in high fat (HF) and low fat (LF) subjects over the experimental period. A indicates the HF challenge meal. B indicates the high-carbohydrate (CHO) challenge meal.
Dietary fat, energy expenditure and substrate utilisation J Cooling and J Blundell tendency to lead to a higher energy intake; this is an almost inevitable consequence of high-fat food choices. The possibility of a biological effect modulating the relationship between BMI and RMR is hinted at by the correlations between the variables. For the whole group the correlation was r 0.64 (P`0.01); for LF r 0.80 (P 0.02), but for HF r 0.19 (P 0.65 NS). Although further caution must be exercised here because of the small numbers involved, the data raise interest in an issue needing further examination. In addition, other evidence suggests that these particular high fat consumers may be physiologically adapted to resist the potential weight inducing effects of a high-fat diet. It is noticeable that the resting RQ signi®cantly distinguished between HF and LF, thereby con®rming the diagnosis on the basis of the FFQ. More importantly in the HF, the average RQ in response to the fatty meal was signi®cantly lower than for CHO. This was not the case for LF. Indeed, the average RQ for the HF accounted for approximately 50% fat oxidised but only 30% oxidised in the LF. Consequently, these particular subjects who are adapted to a high-fat diet display signi®cantly different resting RQ and a tendency to a higher fat oxidation response to a high-fat meal than subjects who habitually consume a much lower amount and % of fat. HF and LF did not display differing RQ responses to the high-CHO meal. Because of this lower resting RQ and the increased fat oxidation in response to a highfat meal the HF would appear to be equipped to deal with a high fat intake. This type of adaptive response is not seen in young male LF groups (present study), obese subjects 27 or in female obese Pima Indians. 28 It is possible that a protective effect of raised fat oxidation, in response to a high-fat dietary intake, is related to both age and gender. An interesting extension of these data is that low-fat consumers, because of their low fat oxidation, would be quite vulnerable to weight gain if the diet allowed occasional high fat intakes, or if the diet changed suddenly. 29 This would follow since a high RQ has been noted as a risk factor for weight gain. 30, 31 Although our preferred interpretation of these data is that habitual consumption of a high-fat diet leads to physiological adaptations in the form of increased RMR the reverse causality is, of course, possible. This would imply that individuals with a naturally high RMR select a high energy diet.
We believe that these physiological variables have not previously been studied in subjects de®ned according to their habitual high-fat food consumption. Taken together, the ®ndings of this study have raised the possibility of metabolic differences in habitual HF and LF which could offer some protection against the capacity of high-fat diets to generate a prolonged positive energy balance. Previous intervention studies have demonstrated that adaptation to overconsumption of a high-fat diet occurs in the form of increased gastric emptying, altered hormonal responses and reduced satiety in response to a test meal. 32, 33 Consistent with this, we have demonstrated that habitual HF have a greater tendency to overconsume with high fat foods than LF, 22 suggesting a weaker satiation in the face of high-fat foods. However, it now appears that this capacity for excessive consumption of fat (which may amount to b 300 g fatad), 13 is partially offset by increased energy expenditure and fat oxidation.
These observations may have some implications for the observed correlations between dietary fat intake and obesity in epidemiological studies, where energy expenditure and fuel oxidation cannot be factored into the relationship (because they are not measured). It is recognised that it is yet to be determined whether the effects noted in this study are due to a high intake of fat which clearly distinguishes HF and LF (measured by g or % energy), or are due to the higher overall energy intake or higher protein (g but not % energy), which is an almost inevitable consequence of the selection of high fat foods in male subjects. This issue could be approached experimentally by an intervention study in which equi-energetic and equiproteinergic diets differing in fat content were administered. However, we feel that this would not resolve the problem, since the important feature of this present strategy is the use of treatments (that is, groups) differing on the basis of self-selected habitual dietary intakes. It is known from analysis of larger databases that HF and LF subjects do exist who have equal energy and protein intakes. 11 These individuals are quite common if HF and LF are de®ned by % fat energy, but relatively uncommon when HF and LF are distinguished by absolute amount of fat. Such subjects can be selected and matched from a much larger sample than the one employed in this present study. Indeed we calculate that 400 subjects need to be examined to obtain 10 HF and LF matched on other nutrient variables. This study is under way. As an interim measure, we have compared four HF with the lowest energy intakes and four LF with the highest energy intakes, so as to match them for energy intake (HF 2622 kcalad; LF 2626 kcalad). Although a test of signi®cance would not be appropriate on such small numbers, the HF still had a higher RMR than LF (1689 kcalad and 1470 kcalad respectively, an increase of 15%). Consequently, at the moment it does appear as if the RMR difference re¯ects fat consumption rather than overall energy intake.
Another important issue about the observed differences between HF and LF, concerns the age and gender of the subjects. These observations reported here are for young adult males. We are currently exploring whether metabolic differences between HF and LF exist to the same degree in young adult females and in older subjects of both genders. We feel that this strategy can help to throw more light on the relationship between high-fat dietary patterns, with the potential for overconsumption, and body weight gain. Such an approach re¯ects the continuing debate about the roles of eating (energy intake) and metabolism in obesity. 
